Compared with annual crop cultivation, tree groves might represent a relevant land-use system to improve C sequestration, but few data are available to support this hypothesis. To evaluate the potential of olive tree (Olea europaea L., 1753) cultivation to store soil organic C (SOC), we assessed (i) the distribution of organic C in active (water-extractable and particulate organic C, WEOC and POC, respectively), intermediate (organic matter associated with stable sand-size aggregates and silt-and clay-size aggregates, SSAs and SCAs, respectively) and passive (organic matter resistant to oxidation, rSOM) pools, (ii) the phenol content of the C pools, (iii) the humic-C distribution of the intermediate C pool and (iv) the stocks of SOC pools in two olive groves of different age (7 years (OG7) and 30 years (OG30)) compared with a nearby site with cereal crops (arable soil, AS). In OG30 the organic C stock of the olive grove was no different from that of the AS, but the distribution of SOC pools changed with the age of the olive groves. The WEOC and POC increased in the Ap horizon of OGs, probably because of the herbaceous cover and distribution of chipped prunings on the soil. There were fewer SSAs in OG7 than AS, possibly because of pedoturbations from deep tillage before the olive trees were established, but they increased in OG30. The increase in SSAs and SCAs in the Bw and BC horizons of OG30 was associated with humic-C and unextractable-C and a smaller phenol content than AS. This suggested that the olive tree roots had a positive role through rhizodeposition and root turnover, which favoured the stabilization of organic matter into aggregates at depth. In contrast to the active and intermediate C pools, the passive C pool did not vary following the change in land use from arable to olive grove.
Introduction
Although agroecosystems have a key role in society, such as providing food, fibre and fuel, agricultural management often leads to a substantial change in ecosystem structure, functions and services Correspondence: L. Massaccesi. E-mail: luisa.massaccesi@unipg.it Received 4 May 2017; revised version accepted 17 April 2018 (Matson et al., 1997) . The negative effects that non-conservation agricultural practices (tillage, mineral fertilization and pesticide application) have on soil physical and chemical properties, and on soil fauna and microbial communities, have often been reported (e.g. Matson et al., 1997; Montanaro et al., 2010) . The negative effect of these practices has been mainly attributed to the progressive decline in soil organic C (SOC) content because of modest C inputs, mechanical disruption of soil structure and increased aeration following tillage, priming effect of fertilizers or irrigation, or both, and a general reduced functionality of the soil microbial biomass (e.g. Montanaro et al., 2010; Agnelli et al., 2014) . Consequently, agro-ecosystems are generally regarded as a net source of C (Matson et al., 1997; Ceschia et al., 2010) . For this reason, recent EU environmental strategies applied to both research and policy have focused on agricultural management options that can ensure food productivity whilst improving soil quality, reducing impact on the environment and enhancing climate mitigation (Council of the European Union, 2013). To this aim, conservation soil management strategies, such as minimum or no tillage, permanent grass cover (Agnelli et al., 2014; Vicente-Vicente et al., 2017) , increasing crop residues returned to the field (Gómez-Muñoz et al., 2016) , improved crop rotation and organic rather than mineral fertilization, have been identified as potentially successful options to reduce C losses and increase SOC stabilization and storage (Paustian et al., 2016) . Therefore, studies that analyse the effect of agricultural management on the soil C sink should consider not only the amount of C stored in the soil but also its stability.
Soil organic matter (SOM) is a heterogeneous mixture of different compounds; therefore, numerous physical and chemical methods of fractionation have been developed to separate and analyse SOM functional pools (von Lützow et al., 2006) . Following the approach of Trumbore et al. (1996) , SOM can be physically fractionated into active, intermediate and passive organic C pools. The active pool is made of fresh plant residues, root exudates, decomposer faeces and faunal or microbial residues that can be ascribed to particulate and water-soluble organic matter (POM and WEOM, respectively). The intermediate pool consists of organic matter associated with stable sand size and silt-and clay-aggregates (SSAs and SCAs, respectively), whereas the passive organic matter pool (rSOM) is characterized by considerable chemical and physical recalcitrance. The rSOM is the non-oxidizable fraction associated with fine-size mineral particles (Zimmermann et al., 2007) . The active organic C pool has a short turnover time (1-10 years), whereas intermediate and passive pools are characterized by longer turnover times (10-100 years and > 100 years, respectively) (Trumbore et al., 1996) .
Among the chemical constituents of the SOM pools, which are both quantitatively and qualitatively affected by agricultural management (Matson et al., 1997) , the phenol component is one of the most abundant (Kraus et al., 2003) and is involved in many belowground processes, including SOM decomposition (Toberman et al., 2010) and nutrient cycling (Hättenschwiler & Vitousek, 2000; Kraus et al., 2003) . Further, phenolic molecules can adsorb on to clay minerals, complex with metal cations, and favour humification and aggregation (Bronick & Lal, 2005) .
Among agroecosystems, grasslands or pastures have great potential to sequester SOC in the temperate or temperate-cold regions (Ward et al., 2016) , whereas in southern Europe perennial woody crops such as orchards, vineyards and olive groves might be suitable types of cultivation to improve SOC sequestration. In contrast to seasonal herbaceous cultivation, the soil of woody crops is less disturbed, can host an herbaceous layer and often receives chipped pruning residues, which represent a substantial input of C (Montanaro et al., 2010) . In addition, perennial woody crops can increase SOC content in the deeper horizons from rhizodeposition and root turnover (Agnelli et al., 2014) . Among perennial woody crops, olive tree (Olea europaea L.) cultivation is one of main land uses in the Mediterranean basin, comprising about 8.2 Mha (Boussadia et al., 2010) . Within this area, the soils are often characterized by small organic matter content, which, together with climate and geomorphology, results in progressive soil degradation (Gucci et al., 2012) . Knowledge of the different forms and stabilization mechanisms of organic C is fundamental to assess the potential of olive tree cultivation for soil C sequestration.
In the present research, we hypothesized that with conservation agricultural strategies soil organic C stock could increase in olive groves compared with an annual cropping system. We tested this hypothesis on three adjacent sites: two olive groves of different age (7 and 30 years) and an arable soil cropped with cereals for more than 60 years. As both the quantity and stability of SOM are relevant to determining the long-term effect of management practice on soil C sequestration, the specific objectives of the study were to assess: (i) the amount of active (POM and WEOM), intermediate (organic C associated with stable macroand microaggregates) and passive (chemically and physically protected) SOC pools, (ii) the phenol content of the SOC pools, (iii) the humic-C distribution of the intermediate SOC pool and (iv) the stocks of SOC pools with different stability in the soil of the above sites.
Materials and methods

Study site and soil sampling
The study was carried out during 2015 in two olive groves that were 7 and 30 years of age (OG7 and OG30, respectively), which were established on soil cropped with cereals since the 1950s, and, as a reference site, an arable soil (AS) currently cropped with cereals. The study sites are managed by the University of Perugia and are in the municipality of Deruta (Perugia, central Italy, 42 ∘ 96 ′ N, 12 ∘ 40 ′ E) at about 400 m a.s.l., with a south-southeast exposure on a 5% slope. The areas of the three sites were about 1 ha for OG7, 3 ha for OG30 and 7 ha for AS. The two OGs are adjacent to each other, whereas AS is about 100 m from the border of the groves. The climate of the area is continental, the mean annual air temperature is 13.5 ∘ C, with January as the coldest (4.8 ∘ C) and July as the warmest (22.9 ∘ C) months, and the mean diurnal thermal range is 10 to 11 ∘ C. The mean annual precipitation is 810 mm, with very little in summer. The soil, developed from fluvial and lacustrine sediments, was sub-alkaline to alkaline (pH values ranged from 7.8 to 8.3) and is classified as a fine, mixed, calcareous, mesic Typic Haplustept (Soil Survey Staff, 2014) .
Prior to establishment of the olive groves, the soil underwent deep tillage (about 80 cm) and a PK fertilizer was applied (330 kg ha −1 or 1 kg per plant). The groves were planted with olive trees (Olea europaea, L., 1753), cv. Leccino, with a distance between the plants of 5.5 m × 5.5 m (331 plants ha −1 ). The soil was ploughed to 20-25-cm depth during the autumn for the first 5 years and then left for herbaceous species to colonize spontaneously; these were mown twice a year and the herbage left in place. Each year, the olive groves received about 90 kg N ha −1 year −1 in the form of urea. The trees were also pruned annually and the chipped prunings were spread on the soil. During the years of olive production, management of the olive groves has not changed markedly and no organic amendments were added to the soil. The AS was managed following conventional practice for cereals: tilled to 30-35-cm depth and harrowed in late summer and September, respectively, with sowing in October, chemical weeding and N fertilization (100 kg N ha −1 in form of urea) in February-March, and harvest at the end of June.
At each study site, the pedological variation was evaluated by a preliminary survey and by several auger holes and mini-pits. Three soil profiles were opened to at least 90-cm depth. Within each site, the three profiles were placed at the corners of a triangle with sides of about 20 m in OG7, and about 30 m in OG30 and AS. The soil profiles were described morphologically according to Schoeneberger et al. (2012) (Table S1 , Supporting Information) and sampled by horizons. Soil samples were air-dried and sieved at 2 mm. To determine the bulk density, soil cylinders of 493 cm 3 (height, 10.8 cm; diameter, 7.7 cm) were used to collect two cores from each horizon per soil profile.
Physical and chemical analysis
The samples collected to determine bulk density were air-dried and then heated at 105 ∘ C until they reached a constant weight. Bulk density was calculated from the ratio between the dried mass and volume of the soil core.
Particle-size distribution without cement dissolution was obtained by the pipette method after the samples were dispersed in a 0.08 m sodium hexametaphosphate solution. Soil pH was determined potentiometrically in water (solid:liquid ratio of 1:2.5) after one night of equilibration. Total organic C (TOC) content was determined by K-dichromate digestion and by heating the suspension at 180 ∘ C for 30 minutes (Nelson & Sommers, 1996) , whereas total N content was determined by a dry combustion analyser (EA-1110, Carlo Erba Instruments, Milan, Italy).
The stocks of organic C accumulated in each horizon were determined with the following equation:
where OC stock represents soil organic carbon stock in Mg ha −1 , OC is the organic carbon content (%), BD is bulk density (g cm −3 ) and d is depth (cm). The calculation of OC stock was not corrected for coarse fragments because these were few (< 1%) in the soil at all sites (Table S1 ).
To calculate the organic C stored in the 0-90-cm soil depth interval, we summed the C stocks of the various horizons to 90 cm.
Fractionation of functional SOC pools
Functional SOC pools were separated (Figure 1 ) according to the fractionation method of Zimmermann et al. (2007) . A 30-g subsample of each soil was suspended in 150 ml of deionized water and dispersed using an ultrasonic probe (Labsonic 2000, B. Braun, Melsungen, Germany) with calibrated output energy of 22 J ml −1 . This relatively low energy was applied to disrupt only weakly stabilized soil macroaggregates and to prevent the disruption of mineral-associated SOM (Zimmermann et al., 2007) . The suspension was passed through a 53-μm sieve and the residue was washed with distilled water until the rinsing water was clear. The fraction < 53 μm was filtered through a 0.45-μm membrane filter. The resulting solution containing the water-extractable organic matter (WEOM) was collected. The fraction > 53 μm and the fraction between 53 μm and 0.45 μm were dried at 40 ∘ C and weighed. Then, the fraction > 53 μm was suspended in 50 ml of a sodium polytungstate solution with a density of 1.8 g cm −3 and shaken for 1 hour with an orbital shaker (2.33 Hz). The suspension with the floating light fraction made of > 53 μm particulate organic matter (POM) was left to rest for 1 hour, centrifuged at 1000 g for 15 minutes, and then filtered through a Whatman 42 filter paper. The fraction > 53 μm and denser than 1.8 g cm −3 , made of stable sand-size aggregates (SSAs), and the POM fraction were washed with deionized water to remove the sodium polytungstate, dried at 40 ∘ C and weighed.
To isolate the residual fraction containing the organic matter resistant to oxidation (rSOM), a subsample (1 g) of the 53-0.45-μm fraction, made of stable silt-and clay-size aggregates (SCAs), was suspended in 50 ml of 6% NaClO solution (a strong oxidant), adjusted to pH 8 with concentrated HCl and shaken for 18 hours at 25 ∘ C. The mixture was then centrifuged at 1000 g for 15 minutes and the residue washed twice with 50 ml deionized water by shaking for 2 minutes. The NaClO treatment was repeated twice and the resulting fractions were combined, dried at 40 ∘ C and weighed.
All the liquid and solid fractions obtained by the fractionation procedure (WEOM, POM, SSAs, SCAs and rSOM) were analysed for their organic C content by a Thermo Flash 2000 CN analyser (Thermo Fisher Scientific, Waltham, MA, USA), after pretreatment with 0.1 m HCl solution to remove inorganic C.
To evaluate the distribution of humic C in SSAs and SCAs, subsamples ranging from 3 to 12 g of SSA and from 7 to 18 g of SCA fractions (on the basis of the SSA and SCA contents in each soil) were characterized for their C contents in humic and fulvic acids (HA-C and FA-C, respectively). The samples were extracted and fractionated according to the procedure of the International Humic Substances Society (Swift, 1996) by 0.1 M NaOH (solid : liquid ratio 1:10) under N 2 atmosphere and shaking the mixture for 12 hours. The alkaline suspension was allowed to settle overnight and the supernatant collected after centrifugation (15 300 g). The supernatant was acidified under constant stirring with 6 m HCl to pH 1, left to stand for 12 hours and then centrifuged (15 300 g) to separate the humic from the fulvic fractions. The raw humic and fulvic fractions obtained were analysed for their C content by K-dichromate digestion and by heating the suspension at 180 ∘ C for 30 minutes (Nelson & Sommers, 1996) . The amounts of unextractable C (NE-C) in SSAs and SCAs were calculated by subtracting the HA-C and the FA-C from the organic C content of the fractions.
Phenol content in the fractions
Phenolic compounds were extracted using a solvent mixture of methanol-distilled water (4:1 v:v ratio) with 2% of trimethylamine (Alonso et al., 1998) . Briefly, 10 ml of solvent were added to 1 g of soil and shaken for 1 hour with an orbital shaker (2.16 Hz). The suspension was centrifuged at 1200 g for 15 minutes, and then filtered through a 0.45-μm membrane filter. The extracted phenolic compounds comprised easily soluble hydrophilic and alkalophilous phenolic fractions (Buondonno et al., 2014) . The content of phenols in the extracts was determined colourimetrically by the Prussian Blue method (Graham, 1992) . Briefly, 0.1 ml of extract was added with 3 ml of distilled water, 1 ml of K 3 Fe(CN) 6 and 1 ml of FeCl 3 , and the mixture was left to rest for 15 minutes. Then, 5 ml of stabilizer (800 ml of distilled water + 100 ml of 85% H 3 PO 4 solution + 100 ml of 1% gum arabic solution) were added to the mixture and the absorbance was measured at 700 nm against a gallic acid standard by a Lambda EZ 150 UV/VIS Spectrometer (Perkin Elmer, Waltham, MA, USA). The phenol concentration of each fraction was standardized against the respective organic C content and expressed as μg gallic acid equivalent g −1 organic C.
Statistical analysis
The data were collected from three sites (two olive groves of different age and an arable soil) and the means reported were calculated from the values obtained from three soil profiles within each study site. These values were therefore pseudoreplicates. However, we continued with the analysis as though they were true replicates and justification for this is given in the discussion.
A two-way analysis of variance (anova) was used to compare TOC, total N concentrations and percentages of WEOM, POM, SSA, SCA and rSOM fractions as a function of soil use and soil horizons. A one-way anova was carried out to test the differences between the C stocks in the OGs and AS. The normality and homoscedasticity of the data were verified by graphical analysis of the residuals and transformed if necessary. The transformation was selected by the maximum likelihood procedure devised by Box & Cox (1964) , and implemented in the Box-Cox function of the package MASS in the R statistical environment (R Core Team, 2014). When any anova effect was significant and there were more than two means to compare, Fisher's least significant difference (LSD) was used for multiple comparisons of the means. The significance level of the difference was set at P < 0.05. All the statistical analyses were performed using R software (R Core Team, 2014).
Results
General soil properties and distribution of the POM, SSA and SCA fractions
Bulk density did not differ across the three sites for either the Ap or Bw horizon, whereas for the BC horizon OG7 and OG30 had higher bulk densities than did AS (Table 1) . The soil texture, obtained without cement dissolution, ranged from silty clay loam to clay for the AS and OG7, and was clay loam for OG30 because of a larger proportion of sand-sized aggregates than at the other two sites. The pH of AS and both OGs was alkaline; it varied from 7.9 to 8.7 and increased with depth. The TOC content of the Ap horizon was larger in the soil of OG30 than in that of AS, but there was no significant difference between OG7 and OG30. In the Bw and BC horizons, TOC content was larger in the AS than the OGs and decreased with depth. The largest total N content was in the Ap horizon of OG30 and it decreased with depth at all sites.
Fractionation showed that the largest amounts of POM at each site were in the Ap horizon (Figure 2a) . The largest value of POM (0.85% of the total soil mass) was in OG30, followed by OG7 and then AS. The OGs had more SSAs in all horizons than the AS (about 42-52 and 17-30% of total soil mass, respectively) ( Figure 2b ). In contrast, the SCA fraction was larger in AS than in the two olive groves, ranging between 71 and 80% of the total soil mass (Figure 2c ). The proportions of the SSA and SCA fractions were similar in OG7 and OG30 and showed no trend with depth.
Organic carbon forms and contents in the fractions
The largest amounts of water-extractable organic C (WEOC) were in the Ap horizon of OG30, followed by OG7 ( Table 2 ). The WEOC content decreased from the Ap to Bw horizons in both olive groves, whereas there was no trend along the AS profile. The concentration of organic C in particulate form (POM) was greatest in the Ap horizon of the OG30 soil (three-fold larger than the same horizon of AS), whereas there was no significant difference between OG7 and AS ( Table 2 ). The POM in the Bw and BC horizons was markedly less than in the Ap horizon for both the OGs and also AS. The organic C content of the SSAs was similar for all sites in the Ap and Bw horizons, whereas in the BC horizon it was more abundant in OG30 and, to a lesser extent, in OG7 ( Table 2) . The organic C associated with the SCA fraction showed no significant difference among OGs and AS in the Ap horizon, whereas in the deeper horizons it was greater in AS. The rSOM-C, the most recalcitrant organic C form, was similar for all three sites and all horizons, except for the BC horizon of OG30, which had a smaller concentration of rSOM-C than that of AS and OG7 (Table 2) .
Further fractionation of the organic C of the SSA and SCA fractions into humic (HA-C), fulvic (FA-C) and unextractable (NE-C) forms showed a different distribution of these forms in the OGs and AS (Table 3 and Table S2 , Supporting Information). In the SSA fraction, OG30 had the largest proportion of HA-C in the Ap horizon (53.3% of the organic C content of SSAs of OG30) and the smallest amount of FA-C in the BC horizon. In the BC horizon, FA-C decreased with increasing grove age. Consequently, OG30 had both the smallest mass of NE-C in the Ap horizon and the largest mass of NE-C in the BC horizon. In the SCAs, OGs had a larger percentage of HA-C and a smaller proportion of NE-C than AS in nearly all horizons (Tables 3 and S2) . Figure 2 Percentage distribution for the three soil depths: (a) total mass of particulate organic matter (POM), (b) sand-size aggregates (SSAs) and (c) silt-clay-size aggregates (SCAs) in the arable soil (AS) and in the 7-and 30-year-old olive grove soils (OG7 and OG30, respectively). The standard error of the means (SEM) and least significant difference (LSD) from anova for POM, SSA and SCA were as follows: 0.075 and 0.239; 2.684 and 8.586; 2.677 and 8.564.
Phenol distribution in the fractions
The largest concentrations of phenols in the WEOM were in the Bw horizon of AS and in the Ap horizon of AS and OG30 (Table 4 ). In the BC horizon, WEOM from AS and OG7 had similar values, whereas that from OG30 had the smallest phenol concentration. Phenols were detected in POM in the Ap horizons only, and they had statistically similar values at all sites. In the SSA fraction, phenol concentration increased with depth for both the OGs and also AS. In the Ap horizon, the phenol concentration was larger in OG7 and OG30 than AS, whereas in the BC horizon of AS it was about two-and eight-fold greater than for OG7 and OG30, respectively (Table 4) . Phenol concentration of the SCA fraction increased with depth in the OGs, and values were larger than for AS in the subsurface horizons of OG7 only. The concentration of phenols in the rSOM fraction was similar for the three sites and throughout the soil profiles, and it was about one order of magnitude larger than in the other SOC pools.
Soil C stocks
Contrary to our hypothesis, the total organic C stock for OG30 at 0-90-cm soil depth was similar to that of AS, and both were significantly larger than that of OG7, which had small C accumulation in the Bw and BC horizons (Figures 3 and S1 ). The stock of WEOM-C at 0-90-cm soil depth was not significantly different between the soil of AS and the OGs, although OG30 had more WEOM-C than OG7 (Figure 3 ). The stock of WEOM-C in the Ap horizon increased from 1.86 Mg ha −1 in the soil of AS to 4.02 Mg ha −1 in that of OG30, whereas it decreased in the BC horizon from 3.23 Mg ha −1 in AS to 1.86 and 2.13 in OG7 and OG30, respectively ( Figure S1 , Supporting Information). The stock FA-C, carbon of fulvic acid; HA-C, carbon of humic acid; NE-C, unextracted carbon. SEM, standard error of the means measured on the original or transformed means (determined using the residual mean square from anova); LSD, least significant difference measured on the original or transformed values.
of POM-C was larger in the soil of OG30 than in OG7 and AS, which did not differ significantly (Figures 3 and S1 ). The C content of the SSA fraction at the 0-90-cm depth showed no significant difference among the OGs and AS (Figure 3 ). In the Ap horizon, AS had the largest SSA-C content, whereas there was a small, but significant, increase in the BC horizon of OG30 ( Figure S1 ). The C stored in the SCA fraction was similar in both AS and OG30 and was significantly more than for OG7 (Figure 3 ). In particular, the SCA-C content increased in the Ap horizon from 20.0 Mg ha
for AS to 37.1 Mg ha −1 for OG30, whereas in the B horizons it decreased from 21.7 Mg ha −1 (Bw) and 33.1 Mg ha −1 (BC) in AS to about 11 Mg ha −1 in both the Bw and BC horizons of OG7 and then increased in OG30 (22.1 and 20.6 Mg ha −1 in the Bw and BC horizons, respectively) ( Figure S1 ). The stock of rSOC showed no difference between AS and OGs (Figure 3) , although it decreased from AS to OG7 and OG30 in the BC horizon ( Figure S1 ). WEOM, water-extractable organic matter; POM, particulate organic matter; SSA, sand-size aggregates; SCA, silt-clay-size aggregates; rSOM, organic matter resistant to oxidation; SEM, standard error of the means measured on the original or transformed means (determined using the residual mean square from anova); n.d., not detected; LSD, least significant difference measured on the original or transformed values.
Discussion
We are aware that our results need to be interpreted with caution because our approach might have resulted in our data being biased by pseudoreplication. Nevertheless, we are confident that our data allowed us to attribute differences among the soils of the sites studied because of differences resulting from land use. Furthermore, we agree with Oksanen (2001) that concern about pseudoreplication in ecological studies (e.g. Hurlbert, 1984) has led to 'unwarranted stigmatisation of a reasonable way to test predictions referring to large-scale systems'.
Effect of the olive tree cultivation on the different C pools
Thirty years of olive tree cultivation produced perceptible changes in the proportions of soil organic matter pools compared with AS and OG7. This change occurred mostly in the Ap horizon and was more evident for WEOM and POM, which increased in the order AS < OG7 < OG30. The enrichment of WEOM in the upper horizons of the olive groves could be attributed to the presence and management of grass cover. Herbaceous species are known to enrich soil with labile organic substances through rhizodeposition processes and activity of the root-associated microorganisms (Haynes & Francis, 1993) . Further enrichment of soil with fresh organic matter also occurs after mowing when the grass biomass is left in place to decompose (Brunetto et al., 2011) . The decomposition of pruning-derived woody residues might represent another source of WEOM in the OG soils. Although the organic substances derived from ligneous material are enriched in lignin-derived phenols (Krzyszowska-Waitkus et al., 2006) , the WEOM derived from OGs had smaller phenol concentrations than that from AS. This OG7 and OG30, respectively) . The standard error of the means (SEM) and least significant difference (LSD) from anova for TOC, WEOM, POM, SSA, SCA and rSOM were as follows: 8. 786 and 39.54; 0.292 and 1.313; 0.985 and 4.432; 3.698 and 16.65; 4.544 and 20.45; 0.140 and 0.626, respectively. suggests that degradation of the pruned material did not contribute, or only marginally so, to the production of the water-extractable fraction of the SOM. Particulate organic matter is composed mainly of plant residues (Wiesenberg et al., 2010) ; therefore, the large amount of POM in the Ap horizon of OGs could be attributed to the presence of both grass cover and the annual spreading of chipped prunings on the soil. Other than the longer period of cultivation, the larger amount of POM carbon in the soil of OG30 than in that of OG7 could also result from a larger C content in the prunings of the older olive grove. Sofo et al. (2015) reported that during the first few years of olive grove establishment, photosynthates are distributed preferentially to stems, larger branches and roots, whereas in mature olives trees, the fixed CO 2 -C is to a greater extent in the leaves and fruit, and in the minor branches that are pruned yearly.
The two olive groves had a different aggregate distribution from that of AS. For the latter, the SCA fraction was predominant, whereas both the SCA and SSA fractions had a similar distribution in the OGs (Figure 2 ). The larger SSA fraction under olive tree cultivation was also confirmed by the particle-size distribution (obtained without cement dissolution, Table 1 ); there were more sand-sized aggregates in the OG soils, in particular in the OG30 soil, than in the AS soil. This result suggests that olive tree cultivation and the conservation management adopted favoured the formation of SSAs, leading to a better balance between SCA and SSA fractions. The periodic disruption of soil structure caused by tillage in AS might have affected the mean size of aggregates, favouring enrichment of SCA. This accords with the results of other authors (e.g. Six et al., 2000; Yamashita et al., 2006) ; they reported that tillage causes a loss of macroaggregates and POM and increases the proportion of microaggregates. The larger proportion of SSAs in the profiles of both OGs and larger organic C content in the BC horizon than for AS could have been partly favoured by mobilization of POM resulting from deep tillage before the groves were established and during the early years of cultivation. This hypothesis is consistent with the findings of Cuniglio et al. (2009) , who reported that deep tillage before planting grapevines favours the formation of macroporosity, which allows the downward movement of solutions and particles. The contribution of POM to the formation of slaking-resistant macroaggregates, acting as an inter-microaggregate binding agent or nucleus for further macroaggregate formation, has been assessed by many authors (e.g. Six et al., 2000; Bronick & Lal, 2005) . In the OGs, however, we cannot exclude the role of the olive tree root system in the aggregation process by (i) root penetration, (ii) modifying soil water content, (iii) enmeshing of soil particles by root hairs and (iv) releasing exudates that can both directly stabilize soil particles and favour root-associated microorganism, which in turn affect soil structure (Angers & Caron, 1998; Six et al., 2004; Bronick & Lal, 2005) .
The distribution of HA-C, FA-C and NE-C in the aggregates differed between the AS and the OGs. In the Ap horizon of OG30, the larger amount of labile organic matter in the form of WEOM and POM could have favoured humification and aggregation processes, as indicated by the larger HA-C and SSA contents than for the Ap horizon of AS. The large proportion of FA-C (about 70%) in SSAs from the BC horizon of AS can be explained by a combined effect of tillage and soil texture. Agnelli et al. (2014) reported that tillage favoured the formation of fulvic acids in a vineyard Inceptisol, which, because of their high solubility, can move down the soil profile. At depth, the accumulation of FA-C should have been favoured by the textural change from silty clay in the Bw horizon to clay in the BC horizon. In the BC horizon, the larger proportion of NE-C in the SSAs of OG30 than AS suggested that the presence and activity of roots favoured the strong stabilization of organic matter within aggregates at depth (Blanco-Canqui & Lal, 2004) . For the SSAs of the BC horizon, the smaller phenol content of the OGs than of AS (Table 4) was consistent with the hypothesis that the main sources of organic substances in this horizon were root exudates and the associated microbial community (Weintraub et al., 2007; Wang et al., 2016) , and not the mobile fulvic molecules translocated from the upper horizons. In contrast to the SSAs, the organic pools of the SCAs showed fewer changes with olive tree cultivation, confirming the slow response of organic materials occluded in microaggregates to disturbance (Six et al., 2000) . The only change in SCAs that occurred between AS and the OGs was an increase in the humic component of all horizons, mostly at the expense of the NE-C. Nevertheless, considering the whole profile, the NE-C still accounted for 63-78% of the OC content of SCAs 30 years after the olive trees were planted. The slight effect of land-use change on the C content of these microaggregates was also supported by the rSOM-C concentration, the most passive C pool associated with SCAs, which remained rather constant for all sites.
Effect of the olive tree cultivation on the soil C stock
The organic C lost in the conversion from AS to OG7 was mainly a result of a decrease in C stored in the SSAs of the Ap horizon and in the SCAs of the Bw and BC horizons. This reduction has been attributed partly to the initial deep tillage for the olive groves that: (i) disturbed the soil by mixing the upper horizons with the deeper and less developed ones, and diluted the SOM in the solum (Stockfisch et al., 1999; Cuniglio et al., 2009) , (ii) disrupted soil structure, especially of the larger aggregates in the Ap horizon, with the consequent release and oxidation of occluded organic matter (Yamashita et al., 2006) and (iii) oxidized organic material in the deeper horizons (Baldock & Skjemstad, 2000) . The immature root system of the young olive trees probably also contributed little as rhizodeposits to add to organic C at depth. The greater organic C sequestration in OG30 than OG7 was attributed mainly to the larger C content as POM and WEOM in the Ap horizon, to C associated with the SSAs in the BC horizon and to SCAs in Bw and BC horizons. This increase in total C stocks from OG7 to OG30 suggests that the conservation soil management (grass cover, spreading of the chipped prunings and no tillage) favoured organic matter storage, especially in the upper horizon. We hypothesize that the increase in C stocks at depth in OG30 compared with OG7 probably resulted from root turnover and rhizodeposition because of the more developed root systems of the mature trees.
Our results are consistent with those of Trigalet et al. (2016) , who reported that along a chronosequence of abandonment of cereal cropping in southern Spain, the active C pools were the most sensitive fractions of SOM that responded rapidly to the change of land use, whereas the intermediate pools with slow C cycling (SSAs and SCAs) were affected by vegetation changes at longer timescales.
Conclusion
The present study revealed the following key findings: (i) in the long term (30 years) the land-use change from arable to olive grove modified SOC quality but not the quantity, although TOC was less in OG7 than in AS, (ii) the active C pools (WEOM and POM) increased in the Ap horizon with the age of the grove mainly because of conservation soil management, (iii) the intermediate C pool (SSAs and SCAs) decreased in the early stages of the grove, probably because of pedoturbations produced by deep tillage before the olive trees were established, with subsequent recovery in the long term, (iv) the small phenol content and increase in HA-C and NE-C of SSAs and HA-C of SCAs from the deeper horizons of OG30 indicated a positive role of olive tree roots in the stabilization of organic matter into aggregates at depth and (v) the passive C pool (rSOM) did not change following land-use change from arable to olive grove, at least for the 30 years of olive tree cultivation studied.
Our results have shown that olive groves under conservation soil management can potentially accumulate soil organic C, although the effect of grove establishment might be negative on SOM for some years. The positive effect of the olive grove on SOC stocks can be attributed mainly to the accumulation of active organic matter fractions in the upper horizon and, to a minor extent, of the more chemically and physically stable organic pools as the grove matures. On the basis of our observations, we strongly recommend adoption of a conservation soil management approach to maximize the positive effects of olive tree cultivation on the soil C sink and minimize disturbance that could trigger the loss of labile organic matter from the upper part of the soil, and to prolong the productive life of the olive grove.
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